Objective: Enteral nutrition is provided to mechanically ventilated patients who cannot eat normally, yet the amount of support needed is unknown. We conducted this randomized, open-label study to test the hypothesis that initial low-volume (i.e., trophic) enteral nutrition would decrease episodes of gastrointestinal intolerance/complications and improve outcomes as compared to initial full-energy enteral nutrition in patients with acute respiratory failure.
A cute respiratory failure requiring mechanical ventilation afflicts Ͼ3 million patients in the United States annually and represents the single most common reason intensive care unit (ICU) patients cannot eat (1, 2) . With a median 7.7 days of ventilation, acute respiratory failure results in Ͼ23 million ICU days annually for potential nutritional support (3, 4) . Because malnourishment is associated with poor outcomes, many physicians as-sume that providing artificial enteral nutrition to replace full energy needs is beneficial. Additionally, studies suggest enteral nutrition supports intestinal structure and function, helping to prevent the increased permeability, bacterial translocation, and consequent systemic inflammation seen with gut disuse (5) (6) (7) .
Although not consistent among all studies, enteral nutrition has been shown to attenuate the hypermetabolism of critical illness, decrease infectious complica-tions, and shorten ICU and hospital lengths of stay compared to parenteral nutrition (8 -11) . Furthermore, a recent meta-analysis demonstrated reduced mortality when enteral nutrition was initiated early in critically ill patients (12) .
Due to these reported benefits, clinical practice guidelines recommend enteral nutrition as the preferred route for caloric support with early initiation when possible (13) (14) (15) . However, the necessary volume of enteral nutrition required to maintain intestinal integrity remains unknown, and many patients receiving enteral nutrition experience feeding complications (4, 16, 17) . Full enteral feedings remain one of the biggest risk factors for aspiration, which represents the leading cause of pneumonia in the ICU and significantly increases morbidity and mortality (18) . Hence, some clinicians use low-dose "trickle" or trophic feeds (10 -30 mL/hr) early in the course of critical illness to maintain gut integrity and function while decreasing complications (14) . We conducted a randomized, con-trolled trial to test the hypothesis that initial trophic enteral nutrition would decrease gastrointestinal complications and improve outcomes compared to early goaldirected full-energy enteral nutrition in mechanically ventilated patients.
MATERIALS AND METHODS

Enrollment, Randomization, and Study
Initiation. This randomized, open-label study enrolled patients from August 20, 2003 through July 8, 2009 from two ICUs at a single academic center after approval from the institutional review board. Patients expected to require mechanical ventilation for at least 72 hrs and whose primary team intended to initiate or continue enteral nutrition (full exclusion criteria in the online supplement [see Supplemental Digital Content 1, http://links.lww.com/CCM/A216) were randomized in a 1:1 ratio (see online supplement [Supplemental Digital Content 1, http://links.lww.com/CCM/A216]) to either ini-tial full-energy enteral nutrition or initial trophic enteral nutrition for 6 days followed by advancement to full-energy enteral nutrition. All baseline assessments were collected after informed consent was obtained from each participant or his/her legally authorized representative but before randomization or initiation of the study procedures (additional data collection detailed in the online supplement [see Supplemental Digital Content 1, http://links.lww.com/CCM/A216]).
Patients were assigned to either initial fullenergy enteral nutrition or initial trophic enteral nutrition for 6 days followed by advancement to full-energy enteral nutrition in a 1:1 ratio according to a permuted block scheme with a random block size of two, four, or six patients. Assignments were placed in consecutively numbered, opaque envelopes that were sealed before the start of the study by personnel not associated with the trial.
Enteral Nutrition Procedures. The designated feeding strategy was initiated within 12 hrs of randomization, and enteral nutrition was continued until death, extubation, or 28 days. In patients who were extubated and then required re-intubation, enteral nutrition was restarted and managed according to the study protocol through study day 28.
Patients randomized to the full-energy feeding group had enteral nutrition initiated at 25 mL/hr. Gastric residuals were checked every 6 hrs while feeding rates were being advanced, with the feeding rate increased by 25 mL/hr every 6 hrs until the full-energy feeding rate was achieved ( Fig. 1 ). Once fullenergy rates were achieved, gastric residuals were checked every 12 hrs. Dietary specialists determined full-energy feeding rates targeting 25-30 kcal/kg of predicted body weight/day of nonprotein energy and 1.2-1.6 g/kg of predicted body weight/day of protein (details in the online supplement [see Supplemental Digital Content 1, http://links.lww.com/CCM/A216]). Patients randomized to the trophic group had enteral nutrition initiated at 10 mL/hr. Gastric residual volumes (GRVs) were checked every 12 hrs. In patients still ventilated at 144 hrs, enteral nutrition was advanced to full-energy target feeding rates using the same protocol as for the full-energy feeding group (Fig. 1 ). Both feeding strategies directed when and for how long to hold enteral nutrition for elevated GRVs and other gastrointestinal (GI) intolerances (details in the online supplement [see Supplemental Digital Content 1, http://links.lww.com/CCM/A216]). In both groups, the primary team selected the enteral formula to be used. Most patients received a commercially available standard formula containing 1-1.2 kcal/mL, except patients with renal failure where the primary team could elect to prescribe an alternative commercially available formula consisting of 2 kcal/mL with restricted electrolytes.
Other Patient Care Decisions. Serum blood sugar levels were managed using the ICU's insulin drip protocol with the target blood sugar range determined by the primary medical team. Likewise, other aspects of care not associated with enteral nutrition, including fluid management, antibiotics, steroid administration, vasopressors, transfusions, acid suppression, and dialysis, were at the sole discretion of the primary team. Per ICU protocol, patients were maintained in the semirecumbent position whenever possible. Management of mechanical ventilation and weaning was standardized (details in the online supplement [see Supplemental Digital Content 1, http://links.lww.com/CCM/A216]).
End Points. The number of ventilator-free days (VFDs) to study day 28 represented the primary efficacy measure (detailed in the online supplement [see Supplemental Digital Content 1, http://links.lww.com/CCM/A216]). Secondary end points included 28-day and hospital all-cause mortality, organ-failure-free days, ICU-free days, and hospital-free days to study day 28. Incidence of GI intolerances and development of new infections represented additional secondary end points. Patients were deemed to have developed a new presumed infection while on the study if the primary team started or changed antibiotics to treat a presumed or confirmed infectious process after study day 2.
Statistical Analysis. Before this trial, the mean number of VFDs to day 28 after initiation of mechanical ventilation in 60 consecutive mechanically ventilated patients in the ICU was 17.6 Ϯ 7.3 days with a median of 22 days (interquartile range 16 -25 days). An independent sample t test, designed to demonstrate a 15% relative increase of 3.0 VFDs with 80% power and a two-sided p value of 0.05, determined that 94 patients would be required in each arm. The study enrolled 200 to allow for a 5% withdrawal rate and compensate for the single interim analysis.
Variables were assessed by intention-totreat analyses. Organ-failure-free days and VFDs are reported as medians with interquartile ranges with a Mann-Whitney U test used to compare differences between groups. Mortality data were compared between groups using chi-square tests and Kaplan-Meier curves with log rank testing for 28-day survival analysis. Episodes of GI intolerance were reported as the percentage of days fed with intolerance and analyzed using Student's t test (detailed in the online supplement [see Supplemental Digital Content 1, http://links.lww.com/CCM/A216]). Patients with ICU-admitting diagnoses of acute lung injury, sepsis, or pneumonia were considered the most severely ill patients, defined as a subgroup a priori, and analyzed for differences in VFDs, mortality, and ICU-free days. Patients with a body mass index (BMI) of Ն35 were similarly analyzed, but as a post hoc subgroup.
An independent Data and Safety Monitoring Board monitored the study for safety and efficacy and performed one interim analysis after 100 patients had completed the study procedures. Data analysis and descriptive statistics were performed using PASW Statistics version 18.0 (SPSS, Inc., Chicago, IL), with two-sided p values of Յ0.05 considered significant.
RESULTS
Of the 1,187 mechanically ventilated patients who met the inclusion criteria, 290 lacked exclusion criteria, but the patients' families refused surrogate consent for 51, and the primary doctor refused to allow the patients' families to be approached for consent in an additional 39. The remaining 200 were consented and enrolled with 102 randomized to full-energy and 98 to initial trophic enteral nutrition ( Fig. 2 ). All 200 had complete follow-up to death or hospital discharge. The most common exclusion criteria were severe exercise-limiting lung disease, longer than 48 hrs since initiation of mechanical ventilation, expected death within 48 hrs, and chronic liver disease. Exclusions for enteral nutrition contraindications or parenteral nutrition were infrequent, and only 13 pa-tients were excluded for either partial or complete bowel obstruction, bowel ischemia, or infarction.
Baseline characteristics were similar in both groups (Table 1) . On average, patients were 53.5 Ϯ 17.7 yrs old and largely Caucasian with a slight female preponderance. Comorbidities were similar between groups, with hypertension the most common. Acute lung injury represented the most common ICU-admitting diagnosis. The majority of patients were overweight with an average BMI of 28.7 Ϯ 9.7. Over one third of the patients were on vasopressors at enrollment, with an average Acute Physiology and Chronic Health Evaluation II score of 26.9 Ϯ 7.3 and a PaO 2 /FIO 2 ratio of 182 Ϯ 116. Mean baseline serum creatinine and albumin levels were also similar between groups.
Enteral Nutrition. Calculated energy requirements were approximately 1600 kcal/day for both groups (Table 1) . Enteral nutrition was initiated 1 day after intubation in both groups, with slightly less than a quarter of patients having already been started on enteral nutrition at the time of randomization. On average, patients in both groups received enteral nutrition for just over 5 days (5.5 Ϯ 3.6 days for the trophic group vs. 5.1 Ϯ 3.3 days for the full-energy group; p ϭ .51). After the day of enrollment both groups were fed for about 19 hrs per day. Only nine patients (9%) in the trophic group and eight patients (8%) in the full-energy group were still ventilated and receiving enteral nutrition on study day 12. Patients in the full-energy group received significantly more volume and calories from daily enteral nutrition for study days 0 -6 ( Fig. 3 ). For study days 1-5, patients receiving enteral nutrition in the full-energy group averaged 1418 Ϯ 686 kcal/day compared to 300 Ϯ 149 kcal/day for the trophic group (p Ͻ .001), representing an average delivery of 74.8% Ϯ 38.5% and 15.8% Ϯ 11% of targeted goal daily calories, respectively. A similar separation was observed for daily grams of protein received (54.4 Ϯ 33.2 g vs. 10.9 Ϯ 6.8 g; p Ͻ .001). Both groups received similar amounts of calories and protein daily for study days 7-12. Only 19 of the 31 (61.3%) patients in the trophic group still receiving mechanical ventilation on study day 6 achieved goal enteral nutrition rates compared to 94 of the original 102 (94%) full-energy patients (p Ͻ .001). The full-energy group reached goal feeding rates on average 13.3 Ϯ 12.6 hrs compared to 141 Ϯ 32 hrs after random- ization for the trophic patients (p Ͻ .001). Although infrequent, prokinetic use did not differ between groups (13.3% of trophic patients vs. 18.8% of fullenergy patients; p ϭ .44).
Episodes of GI Intolerance. Overall, 66 patients had at least one episode of intolerance, with a trend toward a higher incidence in patients fed full-energy nutrition (39.2% vs. 26.5%; p ϭ .08). Over the first 6 days, the full-energy group had a trend toward more patient feeding days with any episode of GI intolerance (34.6% Ϯ 37.3% vs. 24.6% Ϯ 35.5%; p ϭ .06). The incidence of patient feeding days with GI intolerances did not differ between groups for days 7-12, and the trend for more feeding days with episodes of GI intolerances in the full-energy group disappeared when the full 12 days of enteral feeding was evaluated (34.4% Ϯ 36.7% vs. 26 .5% Ϯ 36.1%; p ϭ .14). Diarrhea represented the most common GI intolerance in both groups, with a trend for more in the full-energy-fed patients (24.1% vs. 19 .1% of patient-fed days; p ϭ .08). Although infrequent in both groups, GRVs of Ͼ300 mL were also more common in the full-energy group (7.5% vs. 2.1% of patient-fed days; p Ͻ .001). Abdominal distention or cramping (8.2% vs. 5.5%; p ϭ .14) and constipation (9.1% vs. 6%; p ϭ .10) were similar in both groups. Vomiting occurred rarely (1.8% vs. 2.1%), one episode of regurgitation occurred in each group, and one episode of aspiration occurred in the trophic group.
Clinical Outcomes. Patients receiving initial trophic enteral nutrition had clinical outcomes similar to those of patients receiving initial full-energy enteral nutrition (Table 2) . Specifically, patients from both groups had similar numbers of days alive and free from mechanical ventilation to study day 28 (difference in means 0.1 day; 95% confidence interval Ϫ2.6 to ϩ2.9 days; p ϭ .90) ( Fig. 4) . Overall, 22 of 98 patients (22.4%) in the trophic group and 20 of 102 patients (19.6%) in the full-energy group died before hospital discharge (p ϭ .62). Kaplan-Meier curves demonstrated similar 28-day survival plots for both groups (p ϭ .24) ( Fig. 5 ).
Both groups had a median of 21 ICUfree days (p ϭ .64) and similar numbers of hospital-free days (12.0 days for the trophic group vs. 16.5 days for the fullenergy group; p ϭ .36). There were no differences in the number of other organfailure-free days between groups ( Table  2 ). The two groups were also similar in the percentage of patients who developed any infection after enrollment (30.6% of trophic patients vs. 32.4% of full-energy patients; p ϭ .79) or nosocomial pneumonia (14.3% of trophic patients vs. 17.6% of full-energy patients; p ϭ .73).
Subgroup Analyses. About half the patients (48.5%) had acute lung injury, sepsis, or pneumonia as their ICU-admitting diagnosis. Analysis of this a priori defined subgroup found similar results for VFDs, ICU-free days, and mortality in patients fed initial trophic compared to full-energy enteral nutrition (Table 2) . Similarly, the subgroup of patients with BMIs of Ն35 also had similar outcomes in both groups. Although not defined as an a priori end point, survivors who received initial full-energy enteral nutrition were more likely to be discharged home with or without help as compared to a rehabilitation facility (68.3%
for the full-energy group vs. 51.3% for the trophic group; p ϭ .04).
DISCUSSION
Consensus guidelines recommend enteral over parenteral nutrition in patients with acute respiratory failure who are unable to eat conventionally (13) (14) (15) . Although the same guidelines recommend advancing enteral nutrition to full-energy rates over the first 48 -72 hrs, they acknowledge the data supporting this latter recommendation are weak (14) . The results of this randomized trial demonstrate that providing trophic enteral nutrition for the first 6 days of ventilation resulted in clinical outcomes similar to those of a strategy of advancing enteral nutrition to full-energy rates as quickly as possible. Initial trophic feeds did result in fewer episodes of GI intolerance over the first 6 days, with fewer elevated GRVs and a trend toward less diarrhea. Unlike previous data (19 -21) , this study did not find an increased risk of infection with either feeding strategy.
Enteral nutrition supports the structural and functional integrity of the intestine, helping to prevent increased gut permeability and associated bacterial translocation (5) (6) (7) . Specifically, enteral nutrition stimulates epithelial cell growth and proliferation, maintains mucosal mass and microvilli height (22, 23) , preserves tight junctions between epithelial cells, and promotes blood flow (24) . The intestine responds to intraluminal contents by producing and secreting a variety of endogenous agents that have a trophic effect on the intestinal epithelium (25, 26) .
Although the benefits of enteral nutrition are well documented (5) (6) (7) (8) (9) (10) (11) (12) (22) (23) (24) (25) (26) , the amount needed to confer these benefits, especially in humans, remains unknown. In animal studies, continuous enteral nutrition of very small volumes, commonly termed trophic feedings for the nourishing effect that they have on the intestinal mucosal, preserves the intestinal microvilli and maintains enteric function (23, (27) (28) (29) . However, data concerning the effect of different volumes of enteral nutrition on outcomes in humans are conflicting. Although confounded by better feeding tolerance in less sick patients, some observational studies have found that higher volumes of enteral nutrition are associated with reduced mortality (30) and lower rates of bloodstream infections (19) . Additional studies demonstrated that increasing enteral nutrition adequacy by implementing a nutrition protocol shortened the duration of mechanical ventilation (31) and hospital length of stay with a trend toward lower mortality (32) . By contrast, other observational data found patients who received 33% to 65% of goal calories had higher rates of survival and being liberated from the ventilator, with a lower likelihood of developing sepsis (20) . A separate cluster randomized trial demonstrated no improvement in clinical outcomes despite use of a protocol resulting in greater nutritional delivery (33) . A prospective controlled trial in 150 medical ICU patients fed either low-volume or goal calorie bolus enteral nutrition for the first 4 days of ventilation found similar hospital mortalities. However, the patients assigned lowvolume enteral nutrition experienced significantly less ventilator-associated pneumonia and shorter ICU and hospital lengths of stay (21) .
Our study is the first randomized study comparing different volumes of enteral nutrition by continuous infusion in mechanically ventilated patients. Similar to the findings in animals (28, 29) , these data demonstrate that initial trophic feeds, providing about 15% of goal calories daily, result in clinical outcomes similar to those of initial full-energy enteral nutrition. Although designed similarly to Ibrahim's study, important differences beyond the results should be noted. This study used concealed randomization to allocate patients and continuous enteral nutrition, as opposed to bolus feedings, which may increase the risk of aspiration (34) . Furthermore, our study achieved excellent separation of treatment arms, with the full-energy group in our study receiving 70% to 75% of goal calories daily compared to only 20% in Ibrahim's study.
All patients in this study were at least initially fed via tubes terminating in the stomach. This likely resulted in higher GRVs than seen with postpyloric feeding. In addition, prokinetic agents were utilized in only about one of every six patients, less frequently than reported in observational studies of regular practice (4, 33, 35) . Despite this, 94% of patients in the full-energy group still reached goal rates in a little over half a day, as fast or faster than previously reported (4, 16, 31, 33, 35) . Our decision to utilize higher than historic GRV thresholds for holding enteral nutrition likely helped facilitate rapid advancement. However, more recent findings and recommendations suggest that utilizing higher thresholds is both safe and promotes delivery of enteral nutrition (14, 34, 36 -39) . Despite the higher threshold, this study had very little vomiting, regurgitation, or aspiration, although this rapid advancement to goal feeds may have contributed to the higher incidence of diarrhea in the full-energy group (40, 41). More frequent checking of GRVs while enteral feeds were being advanced to goal rates (every 6 hrs vs. every 12 hrs) may have contributed to more episodes of elevated GRVs in the fullenergy group.
This study has some limitations. It is a single-center study largely conducted in a medical ICU. However, the sample size, which represents one of the largest published among human enteral nutrition studies, was adequate to detect a clinically significant difference in VFDs of 3 days. The study is underpowered to detect smaller differences in VFDs or to determine whether small differences in mor-tality or other clinical outcomes between the two groups are significant. Furthermore, the study enrolled a heterogeneous medical population with good representation of acute lung injury, pneumonia, sepsis, and overdose. Patients with GI hemorrhage were underrepresented due to the clinicians' reluctance to enterally feed these patients early in their ICU course. However, patients with resuscitated shock, who constituted almost 40% of the study population, tolerated enteral nutrition with no documented episodes of intestinal ischemia or infarction.
Although sometimes used, indirect calorimetry was not undertaken in this study to determine energy requirements. Consistent with guideline recommendations (13) (14) (15) and standard practice in our ICU, energy requirements were instead calculated using a target of 25-30 kcal/kg/day. Furthermore, no patients received added protein or micronutrients, such as antioxidants or vitamins, beyond that provided in the enteral nutrition formulation. Protein supplementation has become popular in clinical practice since standard enteral formulas tend to have a low nitrogen to nonprotein calorie ratio (14) . Despite receiving five times as much protein (54 vs. 11 grams/day) for the first 6 days, the full-energy group had outcomes similar to those of the trophic group. However, neither group received the goal of 1.5 g/kg of daily protein. Parenteral nutrition or supplemental intravenous dextrose was not initiated in any study patient, including those unable to tolerate 100% of goal calories after 7-10 days (14) .
This study also has a number of strengths. The feeding protocol delivered average daily amounts comparable to the best data from other protocolized enteral nutrition strategies (4, 16, 31, 33, 35) , rendering the full-energy group a representative control. Randomization was done via concealed envelopes with complete follow-up of all patients. Similar clinical outcomes with initial trophic compared to full-energy enteral nutrition were found in both subgroups analyzed. Observational data have suggested that increased intakes of energy are associated with improved outcomes in patients with BMIs of Ͻ25 or Ն35 (42). Since underweight and malnourished patients were excluded from our study, the number of patients with BMIs of Ͻ25 was too small for subgroup analysis. However, fullenergy nutrition did not result in significantly more ventilator-free or ICU-free days nor lower mortality in the subgroup of patients with BMIs of Ն35.
Guidelines recommend initiating enteral nutrition within 24 -48 hrs of intubation (13) (14) (15) , and a recent metaanalysis suggests improved survival in critically ill patients when enteral nutrition is initiated within 24 hrs of injury or admission (12) . This study does not address the question of whether early administration of enteral nutrition improves outcomes, nor does it address the question of the optimal composition. Although advancement to full-energy rates was later in the trophic group, all patients received some enteral nutrition within 48 hrs of ventilation. In fact, enteral nutrition was initiated on average about 24 hrs after intubation in all study patients, which is considerably earlier than reported in routine clinical practice (4, 16, 31, 33, 35) .
CONCLUSIONS
Providing initial trophic enteral nutrition in mechanically ventilated patients with acute respiratory failure results in clinical outcomes similar to those of early advancement to full-energy enteral nutrition with fewer episodes of GI intolerance. Overall, these data suggest that a less aggressive feeding strategy during the initial stages of mechanical ventilation is not demonstrably worse than early advancement to full-energy enteral nutrition, although larger studies are needed to better determine the risks and benefits. Further study is needed to determine both optimal composition and timing of initiation of enteral nutrition in these patients and to clarify whether protein or micronutrient supplementation may confer added benefit.
